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ABSTRACT
Background: Calorie restriction (CR) retards aging and increases
longevity in many animal models. However, it is unclear whether
CR can be implemented in humans without adverse effects on body
composition.
Objective: We evaluated the effect of a 2-y CR regimen on body
composition including the influence of sex and body mass index

(BMI; in kg/m2) among participants enrolled in CALERIE-2 (Com-

prehensive Assessment of Long-term Effects of Reducing Intake of

Energy), a multicenter, randomized controlled trial.
Design: Participants were 218 nonobese (BMI: 21.9–28.0) adults aged
21–51 y who were randomly assigned to 25% CR (CR, n = 143) or ad

libitum control (AL, n = 75) in a 2:1 ratio. Measures at baseline and 12

and 24 mo included body weight, waist circumference, fat mass (FM),

fat-free mass (FFM), and appendicular mass by dual-energy X-ray

absorptiometry; activity-related energy expenditure (AREE) by doubly

labeled water; and dietary protein intake by self-report. Values are

expressed as means 6 SDs.
Results: The CR group achieved 11.9% 6 0.7% CR over 2-y and
had significant decreases in weight (27.6 6 0.3 compared with

0.4 6 0.5 kg), waist circumference (26.2 6 0.4 compared with

0.9 6 0.5 cm), FM (25.4 6 0.3 compared with 0.5 6 0.4 kg), and

FFM (22.0 6 0.2 compared with 20.0 6 0.2 kg) at 24 mo relative

to the AL group (all between-group P , 0.001). Moreover, FFM

as a percentage of body weight at 24 mo was higher, and percentage

of FM was lower in the CR group than in the AL. AREE, but

not protein intake, predicted preservation of FFM during CR

(P , 0.01). Men in the CR group lost significantly more trunk

fat (P = 0.03) and FFM expressed as a percentage of weight loss

(P , 0.001) than women in the CR group.
Conclusions: Two years of CR had broadly favorable effects on
both whole-body and regional adiposity that could facilitate health

span in humans. The decrements in FFM were commensurate with

the reduced body mass; although men in the CR group lost more

FFM than the women did, the percentage of FFM in the men in the

CR group was higher than at baseline. CALERIE was registered
at clinicaltrials.gov as NCT00427193. Am J Clin Nutr
2017;105:913–27.

Keywords: body composition, calorie restriction, humans, long-
term, nonobese

INTRODUCTION

Aging is associated with a decline in both the quantity and
quality of fat-free mass (FFM)14 in parallel with increases in

1 Supported by the National Institute on Aging, NIH (U01AG022132,

U01AG020478, U01AG020487, U01AG020480, and U24-AG047121), and

the USDA Specific Cooperative Agreement 58-1950-0-014.
2 Any opinions, findings, conclusions, or recommendations expressed in

this publication are those of the authors and do not necessarily reflect the

views of the National Institute on Aging, NIH, or the USDA.
3 Supplemental Tables 1 and 2 are available from the “Online Supporting

Material” link in the online posting of the article and from the same link in

the online table of contents at http://ajcn.nutrition.org.
12 Present address: Department of Medicine, Baylor College of Medicine

and Center for Translational Research on Inflammatory Diseases, Michael E

DeBakey VA Medical Center, Houston, TX.
13 Present address: Tufts Medical Center, Boston, MA.

*To whom correspondence should be addressed. E-mail: sai.das@tufts.

edu.

Received May 1, 2016. Accepted for publication January 19, 2017.

First published online February 22, 2017; doi: 10.3945/ajcn.116.137232.

14Abbreviations used: AL, ad libitum control; AREE, activity-related

energy expenditure; BMC, bone mineral content; CALERIE, Comprehen-

sive Assessment of Long-term Effects of Reducing Intake of Energy; CR,

calorie restriction; DLW, doubly labeled water; DXA, dual-energy X-ray

absorptiometry; FFM, fat-free mass; FM, fat mass; IGF, insulin-like growth

factor; ITT, intention-to-treat; LBM, lean body mass; RCT, randomized

controlled trial; RMR, resting metabolic rate; TBW, total body water; TDEE,

total daily energy expenditure; %CR, percentage of calorie restriction;

%TBW, percentage of total body water.

Am J Clin Nutr 2017;105:913–27. Printed in USA. � 2017 American Society for Nutrition 913

D
ow

nloaded from
 https://academ

ic.oup.com
/ajcn/article-abstract/105/4/913/4639146 by guest on 24 M

ay 2020



body weight and adiposity (1). These age-associated changes in
body composition negatively affect physical function and
heighten the risk of metabolic disorders, including insulin re-
sistance, type 2 diabetes, hypertension, atherosclerosis, and
cancer (2). Central adiposity, in particular, increases with ad-
vancing age (3, 4) and increases the risk of metabolic syndrome,
highlighting the importance of adipose tissue distribution in
deleterious age-associated diseases. Interventions that attenuate
age-associated changes in body composition could delay or even
prevent the onset of metabolic disease and as a result improve
quality of life and health span (5).

Calorie restriction (CR) is a dietary intervention that involves a
relative deficit in energy intake while preserving adequate intake
of protein and essential micronutrients. CR is the only dietary
intervention that has shown promise regarding a reduction in the
rate of biological aging in many nonhuman species (6). However,
it is unclear whether long-term CR can be implemented in
nonobese humans without unfavorable effects on body compo-
sition, for example, decreased FFM relative to body fat or lack
of a reduction in central adiposity.

The CALERIE (Comprehensive Assessment of Long-term
Effects of Reducing Intake of Energy)-2 study is a multisite,
randomized controlled trial (RCT) to test the effect of long-term
CR in humans (7). Phase 1, or CALERIE-1, was a pilot phase
consisting of site-specific studies to determine the best approach
to CR (8–10). The primary objective of CALERIE-2 was to test
the hypothesis that 2 y of CR, involving a 25% reduction in
energy intake from baseline in nonobese men and women aged
21–50 y, would result in the same adaptive changes that occur in
rodents subjected to CR, namely a slowing of metabolic aging
and protection against age-related disease processes. In separate
reports of CALERIE-2 findings we have shown that sustained
CR over the 2-y period is feasible, safe, and well tolerated in
nonobese humans (11). No changes were observed in the 2
primary outcomes (resting metabolic rate and core body tem-
perature) (12), but improvements in cardiometabolic risk factors,
adaptive decreases in daily energy expenditure, and decreases in
the 2 secondary outcomes (circulating T3 and TNF-a) were
observed that were consistent with potential antiaging effects
(12). Additional relevant changes in exploratory outcomes have
included small decreases in bone mineral density in the lumbar
spine and femoral neck (13), persistent increases in serum
insulin-like growth factor (IGF) binding protein-1, and no
change in IGF-1 or biologically relevant increases in cortisol
(14). Herein, we describe a preplanned secondary analysis that
examined the short- and long-term effects of CR on body
composition, including whole-body and regional changes. Be-
cause of the increased interest in examining sex-specific dif-
ferences in response to interventions, we also examined
differential effects of CR on men and women and in normal-
weight compared with overweight individuals.

METHODS

Overview

CALERIE-2 (NCT00427193) was a 2-y, multicenter, parallel-
group, RCT that implemented a single protocol across the sites.
With a 2:1 allocation in favor of CR, participants were randomly
assigned either to the CR group, which aimed to reduce energy

intake by 25%, or to the ad libitum control (AL) group, which
aimed to maintain habitual energy intake on an ad libitum basis
(7, 12, 15). The study protocol was approved by the institutional
review boards at Tufts University (Boston, Massachusetts),
Pennington Biomedical Research Center (Baton Rouge, Loui-
siana), Washington University (St. Louis, Missouri), and Duke
University (Durham, North Carolina). Study oversight was
provided by the NIH-appointed data and safety monitoring board,
and all participants provided written, informed consent.

Participants

Healthy individuals from both sexes and all races were eligible
to participate. Men were required to be between 21 and 50 y of
age (inclusive) and women 21–47 y of age (inclusive) to avoid
menopause. All participants were required to be normal weight
or slightly overweight, with a BMI (in kg/m2) of 22.0–28.0 at
screening. Eligibility was assessed during 3 comprehensive
screening visits to identify subjects who were physically and
psychologically healthy to participate in a 2-y study of CR and
willing and able to adhere to the rigors of the study. Details on
the study recruitment and screening process and exclusion cri-
teria can be found elsewhere (7, 16) and are summarized in the
Consolidated Standards of Reporting Trials diagram in Figure 1.

Study design

Baseline testing was conducted over a 6-wk period and
included a detailed set of evaluations to determine health status of
the study participants before random assignment and 2 back-to-
back measurements of energy expenditure with doubly labeled
water (DLW) to determine individual energy requirements from
which the 25% CR prescription was derived (7, 12). After
baseline testing, participants were randomly assigned to either
the CR or the AL group. Specifically, random assignment was
stratified by sex and BMI within each clinical site with BMI
dichotomized into normal weight (22.0 # BMI , 25.0) or
overweight (25.0 # BMI , 28.0). Within each stratum, in-
dividuals were allocated in a 2:1 ratio in favor of the 25% CR
intervention. Randomization sequences within each stratum
were generated a priori by the coordinating center by using a
permuted block randomization technique. The actual treatment
assignment was carried out centrally by using a telephone-
based, interactive voice-response system.

The CR intervention targeted an immediate and sustained 25%
restriction of energy intake from individual baseline DLW-
measured requirements. Details about the intervention have
been reported previously (7, 15, 17). The CR intervention was
driven by a mathematical model (18), with the anticipated tra-
jectory of predicted weekly changes in body weight for each
participant for 1 y of 25%CR (15). Theweekly weight-loss graph
showing the targeted weight-loss trajectory served as a guide for
providing intensive nutritional and behavioral guidance in in-
dividual sessions in addition to structured curriculum and
counseling delivered in a group format and was also used as the
primary tool to promote adherence during the intervention (15).
The AL group was advised to continue their current diet on a
completely ad libitum basis. The AL group did not receive any
specific dietary intervention or counseling and had quarterly
contact with study investigators and participated in outcome
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assessments at roughly the same schedule as the CR participants.
No specific level of physical activity was prescribed to partici-
pants in either group. A multivitamin and mineral supplement
(Nature Made Multi Complete; Pharmavite LLC) and an addi-
tional calcium supplement (1000 mg/d; Douglas Laboratories)
were provided to all participants to ensure that current recom-
mendations for micronutrients were met.

Outcome assessments

All body-composition and related measurements described in
this section were obtained during baseline testing and at months
12 (614 d) and 24 (614 d) after random assignment.

Anthropometric measurements

Participants were weighed by using a calibrated scale stan-
dardized across study sites (Scale Tronix 5200; Welch Allyn) in
the morning after an overnight fast of$8 h while subjects were
wearing only a preweighed hospital gown. Height was mea-
sured twice by using a calibrated wall-mounted stadiometer.
BMI was calculated from clinic weight at baseline and at each
time point and by using height measured at screening. Waist
circumference was measured at the natural waist and at the
umbilicus.

Body fat mass, lean body mass, total body protein, and
appendicular mass

Body composition [fat mass (FM), lean body mass (LBM), and
bone mass] was measured by dual-energy X-ray absorptiometry
(DXA) by using the Hologic 4500A, Delphi W, or Discovery A
scanners according to a standardized protocol. FM and FFM
were determined for the whole body as well as the trunk and

appendicular (arms and legs) by using Hologic software version
Apex 3.3. LBM, also known as lean soft-tissue mass, was cal-
culated as the difference between FFM and bonemass. Ameasure
of total body protein was calculated as the difference between
body weight and the sum of fat mass from DXA, total body water
(TBW; from 18O dilution described in the next paragraph), and
bone mineral content (BMC) obtained from the DXA output. All
scans were analyzed at a centralized reading center (University
of California, San Francisco), which was also responsible for
centralized quality control across study sites. Machine perfor-
mance was monitored with spine and whole-body phantoms,
including baseline cross-calibration and longitudinal scans. Pre-
cision of DXAwas assessed by the chief DXA operator at each site
on the site-specific scanner. The CV for the precision of FM ranged
from 0.95% to 1.23%, for FFM from 0.43% to 0.58%, for LBM
and lean soft-tissue mass from 0.44% to 0.63%, and for BMC
from 0.74% to 0.90%.

TBW by 18O dilution

TBW was determined by using the isotope dilution technique
according to the procedures detailed by Wong et al. (19). Two
predose spot urine samples were collected from each participant.
Each participant then ingested 1.38 g of 10 atom percent 18O
labeled water (Sigma-Aldrich Corp) per kilogram body weight.
Six more spot urine samples were collected from each partici-
pant at 3 and 4 h postdose and again on days 7 and 14 (12). The
18O content of the urine and plasma samples was measured
by gas-isotope-ratio mass spectrometry (20). The 18O dilution
space was calculated from the zero-time intercept of the 18O
turnover rate by using the back extrapolation method. The
18O dilution space was converted to TBW after correcting for
the 1% overestimation of TBW due to isotope exchange with

FIGURE 1 Participant enrollment and retention, breakdown by sex. Study participant flow and reasons for attrition broken down by men and women
within the ad libitum control group and CR. 1Reasons why the participants were withdrawn for safety: A BMD deficit in 1 participant and anemia in 2 other
participants did not resolve, and they were permanently withdrawn from the intervention. Following intention-to-treat principles, their data were nevertheless
included in the analysis dataset. BMD, bone mineral density; CR, calorie restriction.
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nonaqueous exchangeable oxygen in the body (21). By using
the ratio of TBW data from the 18O dilution method and
the FFM data from the DXA, the hydration of FFM was
calculated (22).

Nutrient intake

Six-day food records were collected by using paper logs,
entered into the University of Minnesota Nutrient Data System
program, and analyzed at a central reading center (University of
Cincinnati) for calories, macronutrient composition (percentage
of energy), fiber, and variety. Protein intakewas expressed both as
absolute (g/d) and relative (g $ kg body mass21 $ d21) quantities.
The percentage of difference (mean 6 SD) in the reported
compared with the DLW-measured energy intake at 12 mo was
213.34% 6 16.57% in the CR group and 216.74% 6 18.33%
in the AL group and at 24 mo was 213.89% 6 17.08% in the
CR group and 218.34% 6 18.59% in the AL group.

Percentage of CR

The average percentage of CR (%CR) over 6-mo intervals
was calculated retrospectively by the intake-balance method
and with the 6-, 12-, 18-, and 24-mo measures of total daily
energy expenditure (TDEE) from DLW and changes in body
composition between the time periods and relative to baseline
(17–19, 23).

Activity-related energy expenditure

Activity-related energy expenditure (AREE) was estimated
from measurements of TDEE and resting metabolic rate (RMR)
with an estimate for the thermic effect of food by using the
formula AREE = (TDEE3 0.9)2 RMR. TDEE was determined
by using the DLW method. RMR was assessed by indirect cal-
orimetry with a calibrated Vista-MX metabolic cart (Vacumed).
Thermic effect of food was estimated to be TDEE 3 0.1. At
baseline, energy intake was assumed to equal TDEE because
participants were weight stable; at the 1- and 2-y time points,
energy intake was computed from TDEE and changes in body
energy stores based on DXA measurements (12, 23).

Statistical methods

The same statistical methodologies used in the parent RCT
were applied (12). Briefly, the analysis was performed under the
intention-to-treat (ITT) criterion. Repeated-measures ANCOVA
(24, 25) was applied with change from baseline as the dependent
variable and treatment, time, and the treatment 3 time in-
teraction as independent variables. Design variables, site, sex,
baseline BMI stratum, and baseline value of the outcome were
included as covariates to increase precision. To avoid arbitrary
assumptions of linearity in time, time was treated as a categor-
ical variable; similarly, an unstructured model was assumed
for the covariance matrix among the repeated observations.
All hypotheses, e.g., main effects, interactions, within-group
changes over time, and between-group differences at the in-
dividual time points, were tested by defining appropriate con-
trasts among the associated regression parameters. The predicted
mean changes 6 SEs are the adjusted values from these con-
trasts. For the change from month 12 to 24, the within-treatment
arm P values test the null hypothesis that there was zero change
in the interval. For variables with a P, 0.05, the null hypothesis

was rejected with the conclusion that there was a decrease (or
increase) during the interval as indicated by the change value.
On the other hand, if P $ 0.05, we could not conclude that the
change was zero, but we could state that the test failed to reject
the null hypothesis of no change. The estimates of the change
in the interval of 12–24 mo were incorporated into our
testing structure and were redundant information contained
in the 0- to 12- and 0- to 24-mo estimated effects of change.
They are presented for clarity, but because they were not part
of our prespecified overall analytic structure and were not
part of the structure for the overall type I error, we made no
adjustments for P values either between or within outcomes
for these 12- to 24-mo effects. Lack of consistency between
sexes (male, female) and baseline BMI groups (normal
weight, overweight) was evaluated by adding and testing
interaction terms of these variables with CR group and time
in this model.

For any particular outcome, type I error was controlled by
using a hierarchical gatekeeping strategy (26). The treatment 3
visit interaction term was tested first. If significant, between-
group differences at each time point were then tested at a = 0.05.
If not, the treatment main effect was tested next. If significant,
then between-group differences at each time point were tested at
a = 0.05. Otherwise a Bonferroni correction was applied at each
time point, with the P values adjusted by multiplying the
nominal P value by the number of tests (truncated at 1.0) (27).
Within-group changes from baseline to the follow-up visits,
however, fell outside of this hierarchy and were always pro-
tected by a Bonferroni correction. Although we adopted a rig-
orous approach for controlling type I error within a specific
outcome, we did not apply any adjustment (such as Bonferroni
corrections) to control for the type I error inherent in the
multiplicity of tests performed across the broad list of body-
composition outcomes. The residuals were visually checked
for approximate normality. In the presence of extreme
values, appropriate transformations (e.g., log-transform)
were performed; when no transformation was deemed ade-
quate, group differences were tested by using Wilcoxon’s
rank-sum test. By using a median split on %CR achieved at
24 mo, supplemental analyses were conducted to examine
the variability in body-composition changes in high-and-low
CR groups. There is a loss of power when one halves the
sample size. Inferential statistics on the results from these
groups are presented, but statistical comparisons are quali-
fied because %CR was not randomized. Rather, participants
achieved their level of %CR over the 2-y period, and thus the
subjects in these groups might vary on a range of con-
founders not included in the model.

Pearson’s correlation was used to examine relations be-
tween changes in body weight and change in regional
body-composition variables and to examine the association
between changes in FM and hormonal measures. A stepwise
multiple-regression model with candidate prespecified pre-
dictors [age, sex, baseline BMI, AREE, protein intake per
kilogram of body weight (28), and IGF] (14) was used to
determine which variables were associated with the change in
FFM with CR in men and women. All analyses were per-
formed by using Statistical Analysis Software version 9.3.
Results are reported as means 6 SEs except when otherwise
noted.
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RESULTS

As shown in the Consolidated Standards of Reporting Trials
diagram (Figure 1), 238 participants were deemed eligible and
completed screening assessments; 10 participants were sub-
sequently determined to be ineligible, and 8 withdrew during
baseline leading to 220 individuals (67 men, 153 women) being
randomly assigned. Two individuals in the CR group dropped out
before starting the intervention, resulting in an ITT cohort of 218
participants [75 in the AL group (22 men, 53 women) and 143 in
the CR group (44 men, 99 women)]. Thirty participants (4 in the
AL group, 26 in the CR group) dropped out of the study for
personal and other reasons and, following ITT principles, were
included in the primary analyses [details are published elsewhere
(12, 16)].

Baseline

Study participants were predominantly female (69.7%) and
Caucasian (77.1%) with ages ranging from 20.7 to 50.8 y. The AL
and CR groups did not differ in baseline demographic and body-
composition characteristics (Table 1). Further, no significant
differences were observed between the AL and CR groups for
these variables within each sex except for age (P , 0.05) and
BMI subgroup (data not shown).

Body-composition changes

The 2-y intervention yielded 11.9% CR and resulted in a
sustained 10.4% weight loss. The effects of CR on the change in
body composition were remarkably consistent at both 0–12 and
0–24 mo and for the 12- to 24-mo time points across most body-
composition measures. In general, there were large, significant
changes from baseline in the CR group that persisted over the
follow-up period at 24 mo, smaller nonsignificant changes in the
AL group, and highly significant between-group differences at
both 12- and 24-mo time points (Tables 2 and 3). Except for a

few that are noted, no significant differences were observed for
changes between 12 and 24 mo between or within the AL and
CR groups for most major body-composition variables. An ex-
ample of this general pattern (i.e., for body weight) is discussed
below in detail.

Body weight

As shown in Table 2, weight change was significantly different
between the CR and AL groups at both time points (P , 0.001).
The CR group achieved significant weight loss after 12 mo
(28.3 6 0.27 kg; P , 0.001; representing an 11.6% change in
weight from baseline) and 24 mo (27.6 6 0.32 kg; P , 0.001;
representing a 10.4% change in weight from baseline), whereas
no significant changes in weight were observed in the AL group
at either time point (P. 0.10 at months 12 and 24). There was a
significant gain in weight between months 12 and 24 within the
CR (P , 0.001) and AL groups (P = 0.02), but the group dif-
ference in the change was nonsignificant (P = 0.89).

Whole-body and regional changes

The pattern of significant changes within the CR group, no
significant changes within the AL group, and highly significant
between-group differences were observed with respect to
changes in FM and FFM measured across the whole body
(Supplemental Table 1, Tables 2 and 3) and specific regions
including the trunk and appendicular regions (Supplemental
Table 1, Figure 2, Tables 2 and 3). Total body proteins were
significantly decreased within both the CR (P, 0.001 at months
12 and 24) and AL (P = 0.02 at months 12 and 24) groups. There
was a significant gain in FM between months 12 and 24 within
the CR (P , 0.001) and AL (P = 0.01) groups; however,
FM change was not significantly different between groups
(P = 0.76). Between-group changes in BMC were not significant
at 12 mo (P = 0.18) but were significant at 24 mo (P = 0.01) and

TABLE 1

Demographic and anthropometric characteristics at baseline for the 218 participants who started the 2-y study1

Men (n = 66) Women (n = 152) Overall (n = 218)

AL (n = 22) CR (n = 44) AL (n = 53) CR (n = 99) AL (n = 75) CR (n = 143)

Demographics

Age, y 37.8 6 1.512 40.5 6 1.083 37.9 6 0.95 36.8 6 0.723 37.9 6 0.80 38.0 6 0.61

Sex 22 (29.3) 44 (30.8) 53 (70.7) 99 (69.2) — —

Race, n (%)

White 18 (81.8) 37 (84.1) 39 (73.6) 74 (74.7) 57 (76.0) 111 (77.6)

African American 1 (4.6) 2 (4.6) 10 (18.9) 13 (13.1) 11 (14.7) 15 (10.5)

Other 3 (13.6) 5 (11.4) 4 (7.6) 12 (12.1) 7 (9.3) 17 (11.9)

Anthropometry

Height, m 176.7 6 1.13 177.1 6 1.08 165.0 6 0.93 165.2 6 0.64 168.4 6 0.96 168.9 6 0.72

Weight, kg 79.8 6 1.41 81.6 6 1.25 68.0 6 0.95 67.7 6 0.64 71.5 6 1.00 72.0 6 0.79

BMI, kg/m2 25.6 6 0.36 26.0 6 0.24 24.9 6 0.22 24.8 6 0.17 25.1 6 0.19 25.2 6 0.15

Body composition

Body fat, % 25.7 6 0.85 26.1 6 0.46 36.8 6 0.58 36.0 6 0.44 33.6 6 0.76 32.9 6 0.51

1P values (data not shown) as calculated by Wilcoxon’s test for continuous and ordinal values and Fisher’s exact test

for categorical values were not statistically significant for between-group (AL compared with CR) differences for men,

women, and overall participants for all listed variables. AL, ad libitum control; CR, calorie restriction.
2Mean 6 SE (all such values).
3 Age at baseline was significantly different between men and women in the CR group (P , 0.05).
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between 12 and 24 mo (P = 0.05) because of a decrease in BMC
in the CR group (P = 0.01), although the AL group had a very
small nonsignificant increase over this interval (Table 2). No-
table exceptions to this general pattern of significant change
were 1) TBW for which the CR group lost more but had a higher
percentage of TBW than the AL group at 12 and 24 mo
(P, 0.001 for both time points and for both TBWand percentage
of TBW) and a decrease within the CR group (P, 0.001) but not
in the AL group (P = 1.0) between 12 and 24 mo, resulting in a
significant between group difference (P = 0.01), and 2) changes in
total-body protein between months 12 and 24 (Table 2) when a
significant increase was observed within the CR group (P, 0.001)
but not within the AL group (P = 1.0), resulting in a significant
between-group difference (P = 0.01).

Weight change at 12 and 24 mo was highly correlated to
change in FM, FFM, LBM, trunk fat, TBW, and appendicular
lean mass (P , 0.05 for both 12 and 24 mo time points) in men
and women except for TBW (P = 0.54) and appendicular lean
mass (P = 0.06) at 12 mo in men (Supplemental Table 2). Total
BMC was not correlated to weight change.

Change in body composition between low- and high-CR
subgroups (based on a median of 12.15% split on %CR
achieved)

Body composition changes in the low- and high-CR groups
based on the median split of %CR achieved at 24 mo showed
significant differences in absolute body-composition changes
between the low- and high-CR groups including sex-specific
differences at the various time points as shown in Table 4.
However, when FM and FFM changes were expressed as a
percentage of weight lost, no statistically significant differences
were observed within the male or female group or between the
low- and high-CR group except for the change in BMC, for
which men in the high-CR group lost significantly less BMC
as a percentage of weight at 12 mo (P = 0.03) and significantly
more BMC at 24 mo (P = 0.02) than men in the low-CR group
(Table 4).

Body-composition change differences between men and
women in the CR group

Supplemental analyses were performed to determine whether
between-group differences were consistent for men and women.
The sex 3 treatment and sex 3 treatment 3 time interaction
terms were added to the repeated-measures model. If the
3-factor interaction was not significant, it was removed; if the
2-factor interaction was not significant, it was removed, thereby
leaving a model with only the sex main effect. Table 5 shows
the estimated treatment effect for men and women in the CR
group and the model from which statistical significance was
determined. Weight loss in the CR group was significantly af-
fected by sex, with men in the CR group losing more weight
than the women in the CR group (P = 0.04). The percentage of
weight loss at 24 mo, however, was not significantly different
between men and women (P = 0.51; data not shown). Sex did
not have a significant effect on the change in waist circumfer-
ence, BMI, or total fat (expressed as FM or percentage of fat) or
in the appendicular fat (data not shown). However, men in the
CR group lost significantly more trunk FM than the women inT
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the CR group at 24 mo (P = 0.03). For the change in the per-
centage of TBW (%TBW), women in the CR group had a sig-
nificantly smaller increase in %TBW than the men in the CR
group (P = 0.002). There was a significant sex 3 treatment in-
teraction effect for the change in FFM and LBM (P , 0.01 for
both). Men in the CR group lost significantly more FFM and
LBM than the women in the CR group for the whole-body, trunk,
and appendicular regions. This sex effect, but not the sex 3
treatment effect, was also significant when the change in FFM and
LBM were expressed as a percentage of change in weight.

Body-composition change differences between CR
normal-weight and CR overweight participants
(data not shown)

A similar model was applied to investigate consistency in the
treatment effects between the 2 BMI strata. There was no sig-
nificant effect of baseline BMI (normal weight compared with
overweight) on the changes in weight or body composition within
the CR group with the exception of the change in %TBW (where
normal-weight individuals had a larger increase, P = 0.02) when
compared with overweight individuals.

Predictors of change in FFM

A multiple stepwise regression model with candidate pre-
dictors [age, sex, baseline BMI, percentage of protein intake per

kilogram of body weight, AREE, IGF-1 (data for protein intake,
AREE, and IGF-1 shown in Table 6)] for the determinants of
change in FFM in CR participants at 12 and 24 mo showed that

FIGURE 2 Change in total, trunk and appendicular lean body mass at
24 mo in the CR group. Lean body mass, also the same as lean soft tissue
mass, was calculated as fat-free mass minus bone mineral content. Absolute
means (SEs in parentheses) are shown for the CR group only for trunk and
appendicular (arms and legs) lean mass changes within men (n = 44) and
women (n = 99) and the overall CR group (n = 143). CR, calorie restriction.

TABLE 3

A comparison of regional body composition and fat distribution between AL control and CR groups at 12 and 24 mo1

Men (n = 66) Women (n = 152) Overall (n = 218)
Overall P2:

AL (n = 22) CR (n = 44) AL (n = 53) CR (n = 99) AL (n = 75) P-AL3 CR (n = 143) P-CR3 AL-CR

Natural waist

circumference, cm

Baseline 88.5 6 1.18 89.0 6 0.82 78.3 6 0.76 77.0 6 0.55 81.3 6 0.83 — 80.7 6 0.65 — 0.542

D Month 12 20.9 6 0.87 28.5 6 0.57 0.3 6 0.47 25.4 6 0.41 20.0 6 0.42 1.000 26.3 6 0.35 ,0.001 ,0.001

D Month 24 0.6 6 0.82 28.0 6 0.62 1.1 6 0.68 25.3 6 0.43 0.9 6 0.54 0.223 26.2 6 0.37 ,0.001 ,0.001

D Month 12–24 1.4 6 0.61 0.7 6 0.45 0.6 6 0.61 0.2 6 0.33 0.9 6 0.46 0.067 0.3 6 0.26 1.000 0.208

Trunk fat, %

Baseline 25.9 6 1.05 26.9 6 0.64 34.0 6 0.65 33.2 6 0.53 31.6 6 0.70 — 31.2 6 0.48 — 0.510

D Month 12 20.5 6 0.66 26.8 6 0.57 20.3 6 0.35 26.6 6 0.32 20.4 6 0.31 0.429 26.7 6 0.28 ,0.001 ,0.001

D Month 24 0.7 6 0.49 26.0 6 0.59 0.4 6 0.55 25.6 6 0.37 0.5 6 0.41 1.000 25.7 6 0.31 ,0.001 ,0.001

D Month 12–24 1.2 6 0.62 1.0 6 0.29 0.6 6 0.50 1.1 6 0.22 0.8 6 0.39 0.022 1.1 6 0.18 ,0.001 0.524

Trunk fat mass, kg

Baseline 9.8 6 0.51 10.3 6 0.34 10.9 6 0.34 10.4 6 0.24 10.5 6 0.29 — 10.4 6 0.20 — 0.606

D Month 12 20.1 6 0.33 23.6 6 0.27 20.0 6 0.17 23.0 6 0.15 20.0 6 0.15 1.000 23.2 6 0.13 ,0.001 ,0.001

D Month 24 0.5 6 0.30 23.2 6 0.29 0.3 6 0.28 22.7 6 0.17 0.4 6 0.21 0.507 22.8 6 0.15 ,0.001 ,0.001

D Month 12–24 0.6 6 0.28 0.5 6 0.14 0.3 6 0.26 0.5 6 0.09 0.4 6 0.20 0.017 0.5 6 0.07 ,0.001 0.810

Appendicular fat mass, kg

Baseline 9.3 6 0.35 9.4 6 0.30 13.4 6 0.37 13.1 6 0.25 12.2 6 0.36 — 12.0 6 0.24 — 0.773

D Month 12 20.3 6 0.25 22.6 6 0.20 20.0 6 0.17 22.9 6 0.12 20.1 6 0.14 0.851 22.8 6 0.10 ,0.001 ,0.001

D Month 24 20.0 6 0.22 22.4 6 0.20 0.2 6 0.26 22.5 6 0.14 0.1 6 0.19 1.000 22.4 6 0.11 ,0.001 ,0.001

D Month 12–24 0.2 6 0.19 0.3 6 0.10 0.2 6 0.23 0.5 6 0.07 0.2 6 0.17 0.214 0.4 6 0.06 ,0.001 0.261

1Values are means 6 SEs for observed values at baseline and observed changes from baseline to months 12 and 24 and from month 12 to 24 shown for

AL and CR groups for men, women, and all participants. P values for changes from baseline to months 12 and 24 and from month 12 to 24 are based on

intention-to-treat statistical analysis of the adjusted mean change from the repeated-measures analysis adjusted for baseline covariates. AL, ad libitum control;

CR, calorie restriction.
2 Between-group P values test for a significant between-group difference in the change score at the time point. All P values reflect Bonferroni corrections,

truncated at 1.0, as appropriate (see Methods).
3Within-group P values test for a significant change from baseline to the follow-up time point and months 12–24 in that group.
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larger decreases in FFM were associated with older age (P, 0.01),
male sex (P , 0.01), lower AREE (P , 0.01), and higher
baseline BMI (P = 0.03).

DISCUSSION

This analysis provides the first information on the effects of 2 y
of CR on the quality of body-composition change in nonobese
humans. The uniqueness of our study is the 2-y duration, which is
the longest RCT of CR to date and allows for the examination of
the effects of CR beyond what is attributable to acute weight loss,
as well as our focus on body-composition changes in nonobese
individuals. Our findings show that at the end of the 2-y CR
period, body composition was relatively higher in FFM and lower
in FM (72% FFM, 28% FM) (Figure 3) compared with baseline
(67% FFM, 33% FM). Additionally, we observed large im-
provements in indexes of central adiposity, including smaller
waist circumference and reductions in percentage of trunk fat in
this nonobese population. Furthermore, body composition in our
CR participants at 24 mo was higher in FFM and lower in FM
than in CALERIE-2 controls (Figure 3). Collectively, these
observations suggest that 2 y of CR did not have adverse effects
on body composition despite the absence of specific exercise
recommendations and a focus on changing weight exclusively
through changes in dietary intake. On the contrary, the quality
of body composition improved with CR, and the FFM and FM
changes in this nonobese population were consistent with ex-
pected changes as predicted by both the Forbes and Thomas
models (29).

It is widely accepted that both the total amount of adipose
tissue mass and the storage locations are important factors for
health. The relative distribution of fat in the upper body compared
with the lower half (30, 31), particularly in central regions (32)

and in ectopic tissues such as liver, heart, pancreas, and skeletal
muscle, leads to more deleterious metabolic abnormalities and
contributes to the development of insulin resistance, impaired
glucose tolerance, dyslipidemia, and diabetes in middle-aged
persons (33, 34). We observed significant decreases in not
only whole-body adiposity but also central adiposity measures,
including waist circumference and trunk fat in this healthy,
nonobese adult population. At 24 mo, 80% of the CR group (who
were overweight at baseline) achieved normal weight compared
with a 27% increase in those who became overweight in the
control group, strongly suggesting a benefit of CR in chronic
disease risk reduction. The significant changes in central adi-
posity (i.e., substantial and significant decreases in waist cir-
cumference and trunk percentage of fat, which were comparable
in both men and women) is indicative of potential mobilization of
fat stores from depots that have been implicated with greater
metabolic risk (35, 36). The collective changes in both overall
and regional decreases in FM suggest potential added benefits to
cardiometabolic risk reduction with CR and improvements in
health span.

The extent to which CR differentially effects body composi-
tion in men and women is not fully understood. The men in this
study lost a higher percentage of their weight as FFM (38%)
relative to the women (28%), and this change remained signif-
icant over the 2-y study period. The results are consistent with the
findings of a meta-analysis examining the impact of weight-loss
interventions on body-composition changes (varying methods
were used for body-composition assessment in included studies;
the subgroup analysis of only diet is used in this comparison),
which showed that men had a 7% greater loss in FFM than
women did for the same total (10 kg) weight loss (37). Of possible
relevance to our findings, age at baseline was w10% higher in
the men in the CR group than in the women; however, the

TABLE 5

Significant differences over time (baseline to 24 mo) between the men and women in the CR group1

Outcome

Men Women Male-female difference2

Mean P Mean P Difference P

Body compartment

Clinic weight,3 kg 28.33 6 0.42 ,0.001 27.32 6 0.29 ,0.001 21.01 6 0.49 0.04

FFM,4 kg 23.25 6 0.32 ,0.001 21.61 6 0.16 ,0.001 21.64 6 0.36 ,0.001

LBM,4 kg 23.24 6 0.33 ,0.001 21.63 6 0.16 ,0.001 21.61 6 0.36 ,0.001

Trunk fat mass,3 kg 23.24 6 0.18 ,0.001 22.81 6 0.13 ,0.001 20.44 6 0.20 0.03

Trunk FFM,4 kg 21.24 6 0.17 ,0.001 20.62 6 0.08 ,0.001 20.63 6 0.18 ,0.001

Appendicular FFM,4 kg 21.34 6 0.19 ,0.001 20.76 6 0.08 ,0.001 20.58 6 0.20 0.004

Body water by 18O dilution,3 % 6.07 6 0.42 ,0.001 4.45 6 0.24 ,0.001 1.63 6 0.53 0.002

D FFM as % of D weight5 33.97 6 5.20 ,0.001 23.43 6 4.88 ,0.001 10.54 6 2.79 ,0.001

D LBM as % of D weight5 33.99 6 5.30 ,0.001 23.69 6 4.98 ,0.001 10.30 6 2.83 ,0.001

1Values are means 6 SEs. Adjusted for baseline covariates, for outcomes for which there is a significant sex main

effect or a significant treatment interaction with sex. CR, calorie restriction; FFM, fat-free mass; LBM, lean body mass.
2 Least-squares adjusted mean of the male-female difference in the CR group from the repeated-measures analysis

adjusted for baseline covariates. A positive value implies that the men gained more (or lost less) than the women. P values

were derived from the appropriate model (see Methods).
3 Signifies a sex main effect (only), i.e., the between-group difference is the same for men and women. The P value

corresponds to that specific effect in the appropriate model.
4 Indicates a sex 3 treatment 2-way interaction, i.e., the between-group differential is different for men and women.

The P value corresponds to that specific effect in the appropriate model.
5 Group difference in percentage of FFM:weight-loss ratio calculated by Wilcoxon’s rank-sum test. The P value

corresponds to that specific effect in the appropriate model.
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inclusion of age in the models did not affect the finding of higher
percentage of FFM loss in men than in women or the findings
for other changes in body composition. It must be noted that,
although the absolute changes in FFM in our men in the CR
group are not consistent with attenuation of the age-related
declines in FFM, the overall percentage of FFM as a pro-
portion of body mass was much higher at 24 mo than at
baseline.

Previous studies examining sex-specific differences in FFM
change have differed from ours in numerous ways: some were
prospective observations of weight change; others involved ex-
ercise; for the most part the populations studied were obese,
overweight, or elderly; and most studies were substantially
shorter in duration (37–39). Hence, it is difficult to directly
compare the results from our 2-y study in normal-weight and
slightly overweight men and women or extend findings from
these previous reports to those that we observed in this study.

A comparison of body-composition changes as a function of
the level of %CR, achieved by using a median split of %CR to
define low and high CR, showed no remarkable differences in key
body-composition variables when the change was expressed as a
percentage of weight loss except for the decrease in BMC in men,
which was significantly higher in the high-CR group than in the
low-CR group and persisted when the change was expressed as a
percentage of weight loss. This BMC finding could be caused by
the fact that the men in the high-CR group lost more weight than
the men in the low-CR group.

Determinants of the changes in FFM in the CR group overall
were also examined with the intent to better inform practitioners
of CR and to maximize the benefit of future CR interventions.
Consistent with previous reports, higher AREE was the strongest
predictor of smaller changes in FFM during CR. Being younger,
having a lower initial BMI, and being female were also associated
with smaller losses in FFM as a result of CR. Contrary to previous
reports (40–42), protein intake (expressed as either g total
protein/d or g $ kg body weight21 $ d21) was not a significant
predictor of FFM change in our study participants. It is possible
that because on average, reported protein intake in our partici-
pants was not lower than normal, the impact of dietary protein
intake on FFM was not within a range that could affect body
composition in this study.

Limitations of the current study design include the inability to
directly examine changes in abdominal fat distribution. Although
we were able to get a broad picture of the changes in the adipose
tissue distribution from the waist circumference and trunk fat
measures, further compartmentalization of the depots of fat
changes would have enhanced the interpretation of our findings of
decreased central adiposity. In addition, our findings between the
men and thewomen in the CR groupmay have been influenced by
the smaller number of men than womenwho enrolled in the study.
We are also unable to specifically address the effects of CR on
longevity in this 2-y study design. Finally, although we adopted a
rigorous approach for controlling type I error for any specific
outcome, we did not apply a similar approach across the broad list
of body-composition outcomes as is appropriate for this ex-
ploratory aim in CALERIE-2. This implies that our results will
need to be confirmed in future studies. Despite the study limi-
tations, as the only 2-y study of human CR, the results are unique
and have important implications for the use of CR protocols to
enhance human health during aging.T
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In summary, to our knowledge this is the first study to report
detailed body-composition changes throughout a 2-y CR in-
tervention in nonobese men and women, and it showed that body
composition is not adversely affected by CR in the absence of
prescribed exercise. In addition, the resulting percentage of FM
and FFM was similar to CALERIE-2 controls who did not lose
weight. Finally, maintaining a sustained level of physical activity
during CR may be required to help preserve body-composition
profiles commensurate with healthy aging. The sustainability
of the CR lifestyle and benefits to health span beyond the 2-y
period should be examined in this cohort and will be important
for the understanding of longer-term CR in humans.
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FIGURE 3 Body composition of the participants in the CR group (n = 143) at 24 mo compared with the AL group participants (n = 75). Participants in the
CR group: men, n = 44; women, n = 99. Participants in the AL group: men, n = 22; women, n = 53. Percentage of fat mass and percentage of fat-free mass in
the participants in the CR group at 24 mo were not only comparable to those of the men and women in the AL group, but they were significantly higher for
percentage of fat-free mass and lower for percentage of fat mass (P , 0.01 for both men and women). AL, ad libitum control; CR, calorie restriction.
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